Yttria-stabilized zirconia (YSZ: ZrO 2 + Y 2 O 3 ) and alumina (Al 2 O 3 ) are widely used in high-temperature applications due to their high-temperature stability, low thermal conductivity, and chemical inertness. Alumina is used extensively in engineered ceramic applications such as furnace tubes and thermocouple protection tubes, while YSZ is commonly used in thermal barrier coatings on turbine blades. Because they are already often found in high temperature and combustion applications, these two substances have been compared as candidates for Raman thermometry in high-temperature energy-related applications. Both ceramics were used with as-received rough surfaces, i.e., without polishing or modification. This closely approximates surface conditions in practical high-temperature situations. A single-line argon ion laser at 488nm was used to excite the materials inside a cylindrical furnace while measuring Raman spectra with a fixed-grating spectrometer. The shift in the peak positions of the most intense A 1g peak at 418cm -1 (room temperature position) of alumina ceramic and relatively more symmetric E g peak at 470cm
INTRODUCTION
Accurate temperature information is essential for the optimization of high-temperature processes such as boilers, gas turbines, and coal gasifiers, where the temperature can reach above 1000°C [1] [2] [3] . Wise use of this information can prolong the lifetime, reduce the maintainance cost, and minimize emissions in such systems [4, 5] . Although thermocouples are commonly used in these applications, the thermal mass of the thermocouple itself can affect the underlying process. Therefore, non-contact methods of measuring temperature such as Raman scattering are often preferred. Common devices like infrared (IR) cameras may report erroneous temperatures due to the extensive reflected radiation inside combustion systems.
Raman scattering has been widely used for temperature measurements with many high-temperature Raman-active materials. Raman scattering results from the change in molecular polarizability when light interacts with the targetmolecule. Usually a monochromatic source of light such as a laser is used to excite a sample from ground vibrational state to a higher virtual energy state. On returning from the virtual state to the ground vibrational state, a Raman-shifted photon is released. Photons with optical frequencies lower than those of the excitation laser are known as Stokes photons while photons with higher optical frequencies and higher energies than those of the excitation are known as anti-Stokes photons. If the scattering is elastic (energy of released photons equal to that of the excitation laser), it is known as Rayleigh scattering. Anti-Stokes photons are emitted in transitions from higher energy vibrational states than the Stokes photons, and therefore, according to the Boltzmann distribution, Stokes radiation is always more intense than the antiStokes radiation [6] . Using Raman spectroscopy, temperatures can be deduced by monitoring Raman peak position, anti-Stokes to Stokes intensity ratio, peak area, and linewidth (FWHM, full width at half maximum). Researchers have shown that peak position shift often provides more accurate determination of the substrate target temperature [6] [7] [8] [9] . Therefore, in this research, temperatures were calculated by monitoring the peak positions of both alumina and YSZ ceramics while using a standard thermocouple as the known temperature reference.
The alpha form of alumina (α-Al 2 O 3 ) is a widely known high-temperature material (melting point 2053°C) which is highly chemically resistant in nature. The polycrystalline or ceramic form of alumina has low thermal conductivity, and excellent wear and abrasion resistance, and a working temperature above 1700°C. It is widely used as thermocouple insulation at elevated temperatures and has been investigated as a thermal barrier coating material (in combination with other materials) for gas turbine blades [10] [11] [12] [13] [14] . Alpha-alumina has been found to have seven Raman modes (2A 1g ) and (5E g ) at or close to 379, 418, 431, 450, 578, and 750cm -1 at room temperature [9, [15] [16] [17] [18] [19] [20] [21] .
YSZ is another widely known and studied high-temperature material due to its low thermal conductivity, chemical resistance, and high melting point (2700°C). It is widely used as a thermal barrier coating (TBC) in gas turbines, [2, 10, 22, 23] and as the electrolyte in solid oxide fuel cells [24] [25] [26] [27] . YSZ has six Raman modes (A 1g , 2B 1g , 3E g ) characteristic of zirconia at or close to 150, 260, 328, 468, 609, and 640cm -1 at room temperature [28] [29] [30] [31] [32] .
In this article, the Raman temperature dependence of both alumina and YSZ ceramics are investigated. Both samples were used as-received i.e., without altering their surfaces to reflect real measurement challenges. Measurement of the peaks at 418cm -1 for alumina and 470cm -1 for YSZ ceramics was performed, and non-contact Raman optical temperature measurement was illustrated. Despite their optically rough surfaces, this study showed that both ceramics could be used for non-contact high-temperature sensing applications.
EXPERIMENTAL METHOD
The experiment was performed using a benchtop Raman system constructed using commonly available off-the-shelf equipment. The details of the experimental setup were described previously in [9] , and briefly here also. Figure 1 shows the schematic of the free-space optical setup used for acquiring Raman spectra. The samples were excited with a continuous-wave (CW), single-line, argon-ion laser (Spectra-Physics) at 488nm, with 1.7W laser power. The Raman spectra were collected by a thermoelectric-cooled charged coupled device (CCD) camera through a spectrometer (Kaiser Optical Systems Inc.). The CCD camera was cooled to -65ºC to mitigate the detector noise. The spectra were recorded and analyzed on a computer. The spectrometer was calibrated using the well-characterized Raman emissions from sapphire at room temperature [15, 17, 18, 20, 21] to convert the raw pixel positions to Raman shifts. The excitation laser, Stokes lines, and anti-Stokes lines' Raman shifts were therefore zero, positive, and negative respectively.
A high-purity alumina ceramic tube (>99.8%, Omega Eng.) about 4cm in length was cleaned with acetone and was then placed vertically inside a horizontal electric tube furnace (Applied Test Systems Inc.). For the YSZ sample, a small nickel test-coupon was plasma-spray coated with 8YSZ (8%Y, METCO 204NS) [23] at New England Plasma Development Corporation. It was also placed in the furnace at the same location vertically. The heating furnace was controlled by a digital temperature controller and the temperature was monitored using a K-type thermocouple. Both samples were individually heated inside the furnace at 1000°C for more than an hour before the experiment commenced in order to drive off any remaining cleaning solvents or volatile contaminants. The samples were then heated in increments of roughly 100ºC from 100°C to about 1000ºC while recording Raman spectra. The target temperatures were allowed to stabilize for about 15 minutes. The experiment was performed in free space in a darkened lab to avoid any optical interference.
RESULTS AND DISCUSSION
The alumina Stokes peak at 418cm -1 that was found to be the most accurate in [9] was analyzed here also for Raman tepmerature sensing. For YSZ, three intense Stokes peaks at 334, 470, and 636cm -1 were observed. The YSZ Raman peak at 468cm -1 was found to be relatively more accurate than the other two because of large curve-fitting errors associated with the other peaks.
For alumina, 12 spectra, each with 10s integration times, were recorded from room temperature to 1003°C. For YSZ, 15 spectra each with 3s integration times were recorded from room temperature to 904°C. At 1000°C, larger spectral background after the peaks made extract the correct peak information difficult in this experiment. Therefore, it is not included here in case of YSZ. At each temperature, thermal background was recorded by turning off the laser. This background was subtracted from each Raman spectrum using WinView software. The center positions of each peak were determined by fitting the peaks with a Lorentzian line shape using Igor-Pro software. The thermocouple temperatures and associated averaged peak positions were fitted with a second-degree polynomial. The temperatures were obtained from each spectrum using the resultant coefficients from the fit. Then, one-sigma (1σ) standard deviation for these temperatures was calculated and incorporated in the figures [9] . Figure 2 (a) and (b) show the temperature dependence of the 418cm -1 alumina Stokes peak and the 470cm -1 YSZ Stokes peak respectively. The Y-axis represents the thermocouple readout values, and the X-axis represents the averaged peak positions. The red line is the second-degree polynomial fit to the data and error bars are the standard deviations for the temperature calculated from the peak positions using the thermocouple temperature as the reference. As the temperature increases, the absolute Raman shift values decrease; i.e. the Raman peaks get closer to the excitation laser line. The peak position shift is attributed to (a) volumetric changes caused by the change in interatomic distance, (b) changes in the vibrational amplitude of the atoms, and (c) some minor thermal expansion mismatch between the YSZ and the nickel substrate used in this study [28, 33, 34] . The average significant po peaks, while spectrometer sources of er alumina exhi observed to h had larger un less overlapp larger-amplit and more int shape compa successfully to derive tem 
CONCLUSION
This research demonstrated that both alumina and YSZ ceramics could be utilized for non-contact temperature measurement using Raman scattering. The alumina A 1g peak, and the YSZ E g peak were utilized to deduce the temperature in each respective system. For YSZ materials, the peak position has been proposed as a promising method for measuring temperature [28, 35] . This study confirmed that hypothesis, but the YSZ Raman peaks exhibited higherthan-expected uncertainties due to their broad and asymmetric nature. Both ceramics were utilized without polishing their rough surfaces to more accurately approximate the intended harsh-environment applications. Standard deviations for Raman-derived temperatures were found to be 4.54°C for alumina and 10.5°C for YSZ ceramics, respectively, over the studied temperature range. The errors are thought to be associated with impurities, broadening of the peaks, sample fluorescence, and the spectrometer calibration in these amorphous ceramics. The larger standard deviation for YSZ is a function of peak overlap, in conjunction with peak-shape modification driven by impurity content. YSZ also exhibited relatively more non-uniform position shift over the same temperature change compared to alumina, probably due to the non-uniform interatomic distance shift induced by thermal expansion mismatch between the YSZ and its nickel substrate. Therefore, when applying thermal barrier coatings which will also be used for non-contact temperature measurement, coating alumina on top of YSZ could provide better temperature information than the YSZ itself. We hope that this study will guide the future researchers in utilizing techniques like non-contact Raman temperature measurement in high-temperature harsh-environment systems where Raman-active ceramics are often found.
